Abstract The Llobregat River is a basic drinking water resource for the city of Barcelona, meeting 40% of the demand. The river runs through a densely populated industrial area, so that it has in its history experienced various episodes due to industrial spills. The present work deals with a recent episode involving diacetyl. To the best of our knowledge this episode is the first time that this compound has been identified as an odour-causing compound in water. In a previous work the analytical method used for the identification of the compound causing the episode was described. The present work focuses its attention on how the episode was handled: action taken at the Sant Joan Despí water treatment plant and the sampling strategy on the river that led to the identification of the company responsible for the spill, a paper mill. It also deals with the role played by the FPA panel in the resolution of the episode: organoleptic description of samples of the problem in the initial phase of the episode (from the treatment plant, distribution network and customer complaints) and, once the compound responsible was identified, the determination of its organoleptic characteristics (odour threshold, odour descriptors, Weber-Fechner curve).
Introduction
Drinking water supply companies have traditionally focused their efforts on providing a product having health guarantees and that complies with the quality requirements of the legislation in force. However, the consumer does not evaluate the water by taking into account the long list of standards included in the regulations but rather in terms of its aesthetic properties. The sector responsible for water for human consumption is aware of this and is making a noteworthy effort to improve the organoleptic properties of water, particularly its odour and taste.
Two types of action can be distinguished. The first refers to improvement of the average quality of the product provided. Water is a natural resource and is subject to variations in quality over a period of time, so it is unreasonable to attempt to provide water with exactly the same properties at all times. The objective should be to provide water with the best possible general level of quality and reasonably narrow bands of variation (understood in terms of acceptable cost).
The second type of action refers to taste-and-odour episodes. Although avoiding such events entirely is certainly impossible, water supply companies must make an effort to prevent them or, when they occur, to deal with them as quickly as possible. The consumer mistrusts water that suddenly smells bad or tastes different to usual; the change is associated with a health risk.
Most supply companies have experienced a taste-and-odour event at one time or another in the course of their activities. These episodes can be due to a number of causes, of natural or anthropogenic character, and can originate from the water resource, the treatment process or the distribution system (Suffet et al., 1995; Khiari et al., 1999) . The way the water supply companies handle these episodes is of vital importance (McGuire et al., 2005) and must include effective communication with the stakeholders. Resolving an episode can be genuinely difficult for two main reasons. In the first place, we are dealing with sporadic, transitory phenomena that in most cases appear unexpectedly and without warning. In the second place, the supply companies have not sufficiently trained their personnel to react when one of these episodes occurs. A practical decision tree tool has recently been developed in electronic form to help companies solve these problems (McGuire et al., 2004) .
The difficulty presented by taste-and-odour events is clear in various references in the literature. Resolving them requires the skills of a detective, although the causative agent is not always identified (Bruchet, 1999; Boleda et al., 2005) .
The Llobregat river
The Llobregat River is a major resource for supplying Barcelona and its metropolitan area (three million inhabitants) and covers 40% of the total demand. Three dams are located in the upper part of the basin, while the bigger waterworks are in the lower part: the Abrera water treatment plant, managed by ATLL a public company belonging to the autonomous government of Catalonia, and the Sant Joan Despí (SJD) WTP, managed by Agbar. The SJD WTP is located just 10 km from the mouth of the river on the Mediterranean Sea.
The resource presents low quality and a significant level of salinity (dry residue 900 mg/l) owing to the sodium and potassium chloride mines in the upper part of the river; it has historically experienced several episodes caused by industrial spills involving dicyclopentadiene and derivatives (Ventura et al., 1997) , dioxanes/dioxolanes (Romero et al., 1998) and creosote , among others. These episodes are especially relevant owing to the non-existence of reservoirs in the middle and low basin of the river. This work deals with a recent episode (involving diacetyl or butanedione) which has been successfully solved.
The episode
Starting in early 2002, new odour incidents were observed in river and treated water from the Sant Joan Despí WTP. These incidents occurred intermittently, for approximately 2-3 days every two months. Some complaints were received from the customers. The descriptors most commonly used were "sweet" and "strawberry". In addition, the laboratory technicians and panellists used the descriptors "butter" and "tutti frutti chewing gum".
Analytical methods. Different extraction techniques were used for the identification of the agent causing the event, combined with the use of gas chromatography-mass spectrometry (GC-MS) or the electron capture detector (GC-ECD): closed loop stripping analysis (CLSA-GC-MS), purge and trap (P&T-GC-MS), head space (HS-ECD), liquidliquid extraction (LLE-GC-MS), solid-phase extraction (SPE-GC-MS) and steam distillation SDE-GC-MS. The odour persisted in the water samples after the extraction step by CLSA, P&T and HS techniques, thus indicating an unsatisfactory recovery of the target compounds. Finally, solid-phase microextraction (SPME-GC-MS) with carboxenpolydimethylsiloxane (CAR-PDMS) fibre was able to identify diacetyl as the odourcausing compound (Díaz et al., 2004) . To the best of our knowledge, this episode is the first time that diacetyl has been identified as an odour-causing compound in water.
Strategies adopted to manage the episode Extended monitoring at the treatment plant
The routine control checks on the surface raw water entering the Sant Joan Despí waterworks in early 2002 included the odour test at 40 8C ("in hot" test) using the dilution method. The operation specifications were set at 25 dilutions (warning) and 35 dilutions (downtime). The appearance of the episode in treated water and in the distribution network without the problem being detected in odour checks on raw river water clearly indicated that the method was not effective: the background odour of the river prevented detection of the characteristic diacetyl odour. It was subsequently discovered that on some occasions, depending on the particular situation of the river water, the diacetyl odour was detected better when it was cold. Consequently, an odour test at 25 8C ("in cold" test) was included in routine controls. In addition, every day a sample was collected for sensory analysis by panellists.
Another experiment performed in the initial phase of the episode was a control of odour in the different stages of the SJD WTP. The sweet "fruity" character of the odour (mainly of strawberries) led experimenters to think about the formation of aldehydes or other compounds during the ozone treatment. The SJD WTP has a capacity of 5 m 3 /s and consists of stages of prechlorination, coagulation-floculation, sand filtration, ozonisation, granular-activated carbon filtration, ozonation and postchlorination. When the plant uses water from wells from the aquifer of the same river in Cornellà (3 m 3 /s maximum), the water is taken directly to the ozonation stage. Odour tests carried out by plant technicians and members of the FPA panel led to the observation that during the episodes the diacetyl odour was perceived in water that was sand filtered, ozonated, carbon filtered and disinfected. In contrast, it was not perceived by the majority of them in raw and prechlorinated water. The positive result in sand-filtered water was highly significant since it indicated that the episode came from the river; the fact that it was not detected in raw and prechlorinated water was due to the intense background odour typical of this resource.
On the other hand, odour was not detected in water samples from wells, so the problem was attributed exclusively to the surface water from the river. For that reason a protocol was issued for handling the diacetyl events in the treatment plant: it established that the raw river water was to be diluted with groundwater in various proportions, depending on the results of the odour test on the raw water and/or treated water.
It is worth noting that sometimes diacetyl was detected in the distribution network without its having been noticed at the same time or on previous days in the river. We inferred that this phenomenon was produced by a desorption of diacetyl from carbon filters on winter days when groundwater from wells, which has a higher temperature, was used, fully replacing surface river water.
Once the diacetyl event was solved, both odour checks ("hot" and "cold") were maintained in order to improve the efficiency of the test.
Sampling campaigns
Customer complaints always corresponded to the area supplied by water from the Llobregat, never from the Ter. The fact that the Abrera WTP had not advised of the existence of any episode, along with the normal results from the taste and odour analyses carried out at the Fontsanta tank, the receptioning point of wholesale water from that plant, indicated that the spill must have occurred in the Llobregat downriver from Abrera, or in the Anoia River, a tributary that flows into the river between Abrera and the catchment of the SJD WTP. Early investigation, following the odour track, led to the Anoia River.
Its water is slightly polluted due to industrial spillages in its upper basin, thus, diacetyl odour was masked by the overall smell.
Several automatic samplers were located at key points on the Anoia River. A peak event made it possible to track down the spill; a final sampling campaign targeting individual spills showed the origin of the chemical, located between Capellades and Vallbona (Figure 1) .
Identification of the pollution source
Diacetyl is a product that is natural in many foods, such as butter, cheese, beer, wine, etc., as a result of the process of fermentation. As an additive it is often used in the food industry to produce a buttery-fruity flavour in a wide variety of products: vegetable fats, pastries, precooked dishes, etc. It is also used for feeding animals, in formulas for feeds.
For this reason initial inquiries focused on food industries and additive factories. Surprisingly, the company identified as the source of the odour was a paper mill. Diacetyl is not a chemical that can be expected to be used in this kind of industry, and in fact it was not used in the factory, so more investigation was necessary before the final conclusion was reached. The answer was that diacetyl was produced by the thermal decomposition of an antimoisture mixture used in the production of air filters for the automobile industry.
The company was informed in a formal meeting at their headquarters. As happens most of the time, they denied responsibility. However, their spokesperson contacted us some weeks later to inform us that the company had decided to replace the antimoisture formulation. This fact precisely coincided with the end of diacetyl episodes in the Llobregat River basin. Figure 1 The basin of Llobregat River
Sensory analysis
One of the aspects that drew our attention during the handling of the episode was the variety of descriptors that were used by customers, laboratory analysts and the FPA panel. The terms used by customers in their complaints can be grouped in to three families: "fruity" and "strawberry"; "buttery" and "cheesy"; while some simply indicated "unpleasant" or "decaying". From the start members of the FPA panel used the terms "buttery" and particularly "tutti-frutti chewing gum". The latter was the term in use among laboratory analysts during the time the episode went on.
This variety in the qualification of odour of diacetyl should not surprise us. It is a normal occurrence that is reflected in the literature for other odoriferous compounds in water. In addition, in the case of diacetyl, the information available from the food industry indicates that it is a compound that offers a wide spectrum of sensations.
The aroma of diacetyl in the food industry
Diacetyl is the principal component of natural odour in butter and is also found in its natural form in other fermented dairy products such as cheese and yogurt (Friedrich and Acree, 1998) . It is also an important component in the wine-producing sector. It is one of the basic products of malolactic fermentation, giving the aroma buttery or nutty touches. These are generally considered a defect in red wines but not in whites (at moderate levels), particularly in some Chardonnay (Bartowsky et al., 2002) .
In the beer industry diacetyl is also an important compound. In fact, it is one of the terms of reference in the Meilgaard wheel of descriptors (Meilgaard et al., 1979) that served as a model for the design of the wheel for waters (Mallevialle and Suffet, 1987) . In the wheel for beer, diacetyl is classified under the descriptor "fatty", which is subdivided into "fatty acid", "diacetyl" (literally), "rancid" and "oily". Diacetyl is considered to be a primary flavour constituent and is generally considered as a defect in the bouquet of a beer. It appears accompanied by 2,3-pentadione (vicinal diketones effect) as a product of undesirable fermentations (Fix, 1993) .
This compound is also of interest in coffee tasting, although it has less importance since it is overshadowed by the intensity of the furans produced by the pyrolysis of sugars (ASIC, 2005) .
As an additive in human food consumption it is used in a wide range of products to produce a buttery and creamy tone (for example, it is commonly used to flavour "movie" popcorn). It is also used in animal food, in formulas for feeds for young animals because of its tone which is reminiscent of mother's milk.
As discussed above, diacetyl is a molecule that shows a great richness in nuance, depending on the purpose of the food and personal perceptions. To summarise, the descriptors quoted in the literature can be classified into two major groups. On one hand, those that refer to its milky character: "butter", "creamy", "butterscotch" and "cheese"; and on the other hand, those that indicate a fruity tone: "fruity", "sweet", "strawberries" and "apple". Halfway between the two we find "nutty" and "lemon curd".
Flavour profile analysis (FPA)
Odour evaluations were performed by FPA according to the method described in the literature (APHA, 1998) . Encoded water samples (200 mL) contained in Erlenmeyer flasks (500 mL) with ground-glass stoppers were heated to 45 8C in a water bath and presented to six panellists, university students, males and females, 22 -26 years old. Odour was assessed by swirling the contents, removing the stopper and immediately applying the nose to the mouth of the flask. Tasting sessions were performed in a specially conditioned room free from interfering odours.
OTC of diacetyl in water
The Weber-Fëchner curve relates the odour intensity to the logarithm of the compound concentration. From the equation obtained, the odour threshold concentration (OTC) was calculated as the concentration corresponding to an intensity average of I ¼ 1. Experimental OTC (OTC exp ) was defined as the lowest concentration detected by at least 50% of panelists.
Several solutions of diacetyl in water were prepared. The samples were presented from the most diluted to the more concentrated ones with some blanks between them. Each solution was smell and the average of the intensity given by panellists was recorded. The panellists had to describe the odour and to evaluate its intensity on the usual FPA scale ranging from 0 (no odour) to 12 (very strong), with intermediate levels of 1 (threshold), 2 (very faint), 4 (faint), 8 (moderate) and 10 (strong).
It has been observed that diacetyl is detected (effectively distinguished from the blank) at very low concentrations (approximately 0.05-0.10 ug/L), but it is not suitably recognised because the tasters cannot describe the odour ("rubber" is sometimes used). When the product is smelled at higher concentrations, then it is properly qualified as "buttery" and "tutti-frutti chewing gum".
The Weber-Fëchner curves for detection (all the perception intensities above zero are taken into account) and recognition (only results corresponding to buttery or fruitty descriptors are included) are presented in Figure 2 These results are at least a hundred times lower than those indicated in the literature for various food products: 0.1 mg/l in beer and 0.2 (white, Chardonnay) to 2.8 mg/l (red, Cabernet) in wine.
Conclusions
On occasion, water supply companies have to deal with taste-and-odour events. These are transient phenomena that appear sporadically or intermittently. The difficulty involved in resolving them is quite variable. Some types of problems are thoroughly documented, such as seasonal episodes due to metabolites of algae. However in other cases, when the episode appears suddenly and unexpectedly and its origin is unknown, resolution can be genuinely difficult.
The present paper describes a diacetyl episode in the Llobregat River and the actions taken that led to the identification of the cause of the problem, a paper company: extended monitoring in the treatment plant, sampling campaigns and sensory analysis (plant checks and the tasting panel).
In agreement with indications in the literature as to the presence of diacetyl in different food products, a wide range of nuances of odour for this compound appeared in water samples. The most commonly used descriptors were: "buttery", "fruity", "sweet", "cheese" and "tutti-frutti chewing gum".
The handling of this episode confirmed the indispensable nature of an effective internal coordination between the different areas of the supply company involved in the resolution of the problem: people handling customer complaints, water treatment plant operators and laboratory technicians, personnel collecting samples, and the tasting panel members.
